SUMMARY Transient contractile responses to norepinephrine (NE) of vascular segments from the rabbit vertebral, internal carotid, and basilar arteries rise to a peak within several seconds, and in the presence of the agonist, reverse rapidly, relaxing with a half-time of 15 ± 3.2 seconds. In the basilar artery, peak contraction is approximately 25% of the maximum response mediated via the "a-like" adrenoreceptors and is elicited by NE 10~7 M. Steady state contractions are seen with higher concentrations. Transient contractile responses are absent in segments from the brachiocephalic and external carotid arteries, and their incidence increases the more rostral along the length of the vertebral and internal carotid artery the origin of the segment studied. They were seen in all preparations of the intracranial vertebral and basilar arteries. There is a good correlation between the occurrence in any particular vascular segment of the transient contractile response and intrinsic tone as assessed by relaxation to papaverine (10"* M). The response was blocked by a-adrenergic receptor blocking agents and was not elicited by d-NE nor tetrahydrazoline or oxymetazoline. This response may be analogous to the first phase of the biphasic contraction found in many other blood vessels. Since in cerebral vessels the agonist concentration to elicit the first phase is several orders of magnitude lower than the second, it can appear in the absence of the latter. Circ Res 45: 566-572, 1979.
THE precise role of the sympathetic nervous system in the regulation of cerebral blood flow has been a matter of considerable debate for a number of decades. Despite recent interest, the problem has not been adequately resolved Heistad and Marcus, 1978; Purves, 1978) . The presence of a heavy sympathetic innervation of these vessels in many species has been demonstrated (for references see Edvinsson and MacKenzie, 1977) . A contractile response of isolated vessel segments to field stimulation of their intramural sympathetic neuronal terminals has been shown repeatedly Lee et al., 1975; Toda and Fujita, 1973; Duckies et al., 1977) . Despite this, the physiological role of the sympathetic nervous system remains obscure. There are several conceptual problems in defining its role: for example, sympathetic vasoconstriction would tend to be evoked under circumstances when myogenic autoregulation of flow would result in vasodilation (Bill et al., 1977; Hernandez-Perez et al., 1975; Strandgaard et al., 1974) .
One approach to this problem has been to compare the adrenergic transmission process in rabbit cerebral blood vessels with that in a systemic vessel of similar size . Present evidence suggests that, although there may be quantitative differences in some presynaptic and synaptic components of the adrenergic transmission process, at least in the rabbit these are of relatively minor account. Significant qualitative differences are evident, however, in the postsynaptic or adrenergically mediated response of cerebral compared with other vascular smooth muscle. These include differences in the contractile response relationship (Duckies and Bevan, 1976) , in the effectiveness of a-adrenergic receptor blocking agents in influencing sympathetic neurogenic control (Lee et al., 1976) , and in the structure-activity relationships of a-adrenergic agonists (Bevan, 1977; Bevan, 1979a) . These various observations all point to a uniqueness of the rabbit cerebral vascular smooth muscle adrenergic receptor complement. In another species, the cat, a-receptors show some features that are different from those of classical a-adrenoceptors (Edvinsson and Owman, 1974) .
In this paper, a transient contraction of the vascular smooth muscle to a-agonists is described. Despite the continued presence of the drug, the initial rise in tension is not maintaned and tension returns toward predrug or control levels. It is a fragile response in that it is not found in all preparations and, when present, tends to diminish with repeated drug addition and to disappear during a prolonged experiment. A correlation was found between the occurrence of this transient norepinephrine (NE)-induced response and the development of intrinsic tone in a particular vascular segment. It is speculated that the transient contraction may reflect the extent of response of the larger pial vessels to low level sympathomimetic stimulationvessels of a size that develop intrinsic tone and at least some species exhibit autoregulation.
Methods
Adult white rabbits (2-3 kg) of either sex were stunned by a blow on the front of the head and exsanguinated. To obtain the basilar artery and the intracranial part of the vertebral artery, the entire brain with vessels attached was removed. Segments of the brachiocephalic, vertebral, distal common carotid, and entire internal carotid arteries were removed when necessary after opening the foramen transversum, carotid canal, or the cavernous sinus. Segments were placed in Krebs' bicarbonate solution equilibrated with 95% O2 and 5% CO2 at room temperature. Ring segments (4 mm long) of the arteries were cannulated with a stainless steel rod of hemispherical section and a short piece of platinum wire and mounted in an isolated tissue bath that contained 30 ml of Krebs' bicarbonate solution at room temperature. The platinum wire was bent into an inverted U shape and anchored to a plastic gate which could be moved up and down by a fine control micrometer. The steel rod was connected to a Statham strain gauge (GlOb, 0.15 oz) for isometric recording of changes in force. This method has been described previously in detail . After 5-10 minutes, the temperature of the Krebs' bicarbonate solution gradually was increased to and maintained at 37°C. Resting tension then was adjusted to 0.5 g, and a period of 1 hour was allowed for equilibration. For studies on the response to drugs, both agonists and antagonists were added directly to the organ bath.
The following protocol was used in most of the experiments described in this paper. After equilibration, contractile responses were elicited to /-NE (10~7 to 10~5 M), the precise dose depending on the origin of the segment, and then at 30-minute intervals to histamine (10" 6 M) and serotonin (5 X 10" 6 M). The bath solution was changed once an equilibrium response had been obtained. Thirty minutes after washing out the serotonin with three bath changes and when the baseline was steady, papaverine (10" 6 M) was added. The magnitude of relaxation was considered a measurement of intrinsic tone. After washing, a cumulative addition of /-NE or another sympathomimetic amine was made to the approximate EC70 level using the final concentration sequence 1, 3, 10, 30, etc. X 10" 8 M. After washout and when the tension record returned to base levels, propranolol (10" 6 M) and desmethylimipramine (10 M) were added to the tissue bath. Thirty minutes later, in the presence of these drugs, a cumulative addition was made in the same dose sequence to (10~4 M). Finally, without washing, serotonin (10~4 M) and KC1 (100 mM) were added sequentially.
A response was considered transient when it occured within 10 seconds of drug addition, rose rapidly to a peak at least twice the size of the highest spontaneous baseline fluctuation during the preceding 10 minutes, and then fell off to a level less than 50% of the peak. In some experiments, sympathomimetic amines were tested on arteries taken from reserpinized rabbits. These had been pretreated with reserpine (3 mg/kg per day) interperitoneally for 2 days with the same dose given intravenously 1 day prior to killing.
The following drugs were employed: /-cobefrin hydrochloride, /-NE bitartrate, d-NE bitartrate, norephedrine hydrochloride, oxymetazoline, parahydroxynorephedrine hydrochloride, 1-phenylephrine hydrochloride, 2-phenethylamine hydrochloride, reserpine, serotonin creatinine sulfate, synephrine tartrate, and tetrahydrazoline hydrochloride.
Results

Magnitude of Transient Response to NE
Transient contractile responses to NE have been noted in some arterial segments derived from the vertebral, internal carotid, and basilar arteries (Fig.  1) . The contraction was fast, occurring over several seconds. It reversed rapidly, relaxing with a halftime of 15 ± 3.2 (n = 26) seconds. Figure 2 shows the size of the peak transient response-when it occurred-in relation to the maximum contraction of the arterial preparation to additive exposure to NE (10™ 1 M), serotonin (10"" M), and potassium (100 mM); results are shown as a function of NE concen- VOL. 45, No. 4, OCTOBER 1979 NOREPINEPHRINE H o g M )
FIGURE 2 Relationship between size of the transient contractile response expressed as a percent of the maximum response of the vascular segment to combined NE (10'* M), serotonin (10~4 M), and KCl (100 mM) for (I) vascular segments from vertebral, internal carotid, and basilar arteries (X); (2) vascular segments from intracranial vertebral and basilar arteries (•); and (3) extracranial vertebral and internal carotid arteries (O). The steady state responses to NE are also shown (A). Brackets refer to standard errors of mean.
tration for segments from the basilar, vertebral, and internal carotid arteries. Transient responses were observed in all the basilar and the adjacent intracranial vertebral artery segments studied and are represented separately. Transient responses were observed less consistently in the extracranial vertebral and internal carotid artery segments studied (for distribution see below). The magnitude of these responses are shown in the same figure. All three groups are of similar magnitude. The concentration of NE producing the greatest response was of the order of 10~7 M. Also shown in Figure 2 are steady state contraction levels observed in the basilar and adjacent parts of the vertebral artery for NE concentrations between 10~6 and 10~5 M. These were obtained from records in which either the rapid transient response was absent or else could be distinguished clearly from the steady state response.
Incidence of Transient Response to NE in Cerebral Blood Vessels
Although transient responses to NE were obtained from all segments of the basilar and intracranial vertebral arteries studied, this was not the case for the other vessels. In general, the percentage of segments showing the transient response increased the more cranial the anatomical site of origin of the vascular segment along the course of the vertebral and internal carotid arteries. There was no transient response in the brachiocephalic and common carotid artery segments. Those data pertinent to these observations are shown in Figure  3 and Table 1 . The number of segments showing transient responses is expressed as a percent of those studied. As the baseline in some experiments was somewhat irregular, some responses might have been too small to meet the criteria set for recognition (see Methods). It will be noted that many of the responses (Fig. 2) were only a few percent of the maximum possible contraction of the tissue. For this reason, also included in Figure 3 and Table 1 is the percent incidence of transient responses from experiments in which the record was deemed satisfactory.
There was some evidence that the transient response is somewhat evanescent in character. In the series of experiments reported here, vascular segments were dissected and mounted in the tissue bath apparatus only by those with considerable experience in handling thin-walled vessels less than 0.5 mm o.d. A search through early records of experiments on the basilar artery, for example the steady state response to NE was similar, if not greater, in the second compared with the first. In some experiments, rings of the main pulmonary artery from the same rabbit were studied simultaneously, using an identical protocol. Under such circumstances, a total of 48 transient responses were observed in the cerebral vessels, yet none was seen in the pulmonary arteries.
Preliminary Pharmacological Characterization of the Transient Response
All responses of the basilar and adjacent vertebral arteries to NE (up to lO"* M) were abolished by prior treatment with phentolamine (10~5 M) or phenoxybenzamine (10~* M). Transient responses still were observed after chronic reserpinizaton of the experimental rabbit. Because of the inconsistency of the response, since with higher dosage it merges with the steady state contractile component and does not appear to show a typical dose-response relationship, a study of the relative potency of a series of sympathomimetic amines is difficult to undertake. However, a limited number of amines was tested, each on six different basilar rings, three from reserpinized and three from normal rabbits. The following are the numbers (from a total of six) of experiments in which a transient response was obtained: 2-phenethylamine (6), synephrine (5), parahydroxynorephedrine (4), phenylephrine (3), cobefrin (2), rf-NE (0), NE (0), tetrahydrazoline (0), oxymetazoline (0).
Correlation of Transient Response to NE of Cerebral Blood Vessels and Intrinsic Vascular Tone
Satisfactory records were obtained from 87 vascular egments. Neither transient responses nor intrinsic tone, as indicated by relaxation to papaverine (10~6 M), were observed in segments from the brachiocephalic, the vertebral (proximal to the level of the axis), and the common carotid arteries. In only one vessel segment from the vertebral (distal to the level of the axis), the basilar, and the internal carotid arteries was a transient response observed in a vessel segment in which no intrinsic tone could be demonstrated (Table 1 ). In only three segments was intrinsic tone seen in vessels in which no transient response was observed. In a total of 45 segments, where one phenomena occurred, the other was seen also.
Discussion
Although isolated in vitro preparations of arteries and veins have been studied in many laboratories for more than a decade, the consistent occurrence of a transient contractile response in a vascular segment has not been reported previously. As this response is not observed after a-adrenergic receptor blocking agents, it is mediated by an a-like adrenoceptor. Since it occurs after reserpinization, it is not dependent upon intact neuronal NE stores. The optimum concentration of NE (10~7 M) to produce this effect is of the same order as the ECso for the steady state response of most rabbit arteries and veins . It was observed consistently in the intracranial arteries studied. Its occurrence in segments derived from vessels supplying the arteries at the base of the brain, the vertebral and internal carotid, increased the more rostral their origin from along the length of the vessels. This distribution contrasts with the abrupt change in EC50 for the steady state contraction of several orders of magnitude that occurs rostral to the level of the atlas in the vertebral artery and close to the entrance of the internal carotid artery into the temporal bone (Bevan, 1979b) . These corresponded to embryological sites of fusion of cerebral and extracerebral vessels which develop from different sources in the fetus.
The mean maximum size of the transient response is approximately 8% of the maximum tissue response. This is approximately 25% of the first VOL. 45, No. 4, OCTOBER 1979 component of the steady state NE response of the basilar artery-an effect mediated by an a-like receptor (Duckies and Bevan, 1976) . Although this may seem to be a small, functionally inconsequential change, it is not possible to extrapolate quantitatively from isometric in vitro conditions to in vivo circumstances. In this regard, de la Lande and Bevan (unpublished data) studied the isometric contraction of rabbit ear artery rings in vitro and also perfused adjacent segments with a constant output pump. They found that the concentration of NE that would double perfusion pressure-basal pressure being set at in vivo normotensive levels-corresponds to NE EC 15 to EC20. This suggests that responses that are relatively small in comparison to the maximum possible response of a vessel segment may have a significant physiological role in vivo. There is evidence for a pressure drop along the length of larger cerebral arteries and of significant changes in resistance at least with serotonin in these vessels (Heistad et al., 1977; Rapela and Martin, 1975; Grimson et al., 1969) . Studies by Wei et al., (1975) show that large cat pial arteries (>100 jxm) constrict by approximately 7.0% in response to sympathetic nerve activity and by a maximum of 18% to the direct application of NE. Kuschinsky and Wahl (1975) , studying pial vessels that ranged from 25 to 216 ftm in the same species, concluded that there is a 12-18% change in diameter for neural and exogenous NE, respectively. These groups observed only steady state responses. Similar findings were made previously by Fog (1939) and Forbes et al., (1933) .
The shape of the transient contractile response is reminiscent of the first phase of the biphasic response to NE of systemic medium-sized muscular arteries, such as the rabbit ear artery Steinsland et al. 1973) . In this vessel, a rapid transient phase of contraction merges with an ensuing steady state contraction. When this second phase is blocked or depressed, the first phase persists. It resembles in time course the transient response described in this paper. It has been shown to be associated with longitudinal propagation of excitation in an artery segment . As peak phasic contraction occurs prior to significant drug entry into the vessel wall, its magnitude has been explained by spread of excitation in the radial axis following drug action on superficial cell layers (Bevan and Waterson, 1971) . Three explanations have been advanced to explain its transitory character despite the continued presence of the agonist: (1) that it is related to the rate of change of NE concentration at the receptor site; (2) that if NE causes an early persistant depolarization of surface cells, this would preempt subsequent propagation (Steinsland et al., 1973) . [The observation that the rabbit ear artery contracts in response to NE without a change in vascular smooth muscle membrane potential mitigates somewhat against this possibility (Droogmans et al., 1977) ]; (3) that this phase is due to release of limited intracellular stores of Ca 2+ . One striking difference between responses of the ear and basilar arteries to NE is that, in the former, NE concentrations for phasic and steady state contractions are similar, whereas, in the latter, they are separated by approximately two orders of magnitude. Thus, if our analogy is correct, in the rabbit basilar artery the first phase can occur in the absence of the second. A similarity between the transient response of the basilar artery and the first phase of contraction of the ear artery is their susceptibility to loss by inexpert tissue handling (unpublished observation). The reason for this is not known but probably reflects a similarity in their mode or mechanism of response.
The correlation between a transient response and the presence of intrinsic tone is impressive. This latter phenomenon, however, is not as great in the rabbit as in other species (Lee et al., 1978) . Uchida and Bohr (1969) have shown that intrinsic tone develops in the smaller blood vessels of many regional beds, in particular, skeletal muscle and brain. They found that the extent of intrinsic tone was least in the rabbit among the species studied. The uniquely transient nature of the sympathomimetic response seemingly confined to vessels exhibiting myogenic tone suggests that these two phenomena are interrelated. Kontos and co-workers (1978) in a number of masterful studies in the cat have shown that it is the larger pial vessels (>200 /urn) that react most to changes in blood pressure and are probably exclusively responsible for autoregulation of blood flow. They are also the vessels that clearly exhibit a contraction to sympathomimetic stimulation. These investigators did not find this association in the smaller surface arteries. Our findings are that a larger pial artery (as well as some extracerebral arteries) exhibits in vitro a transient response to NE, and that these vessels also develop intrinsic tone. Although all these phenomena have been observed in pial arteries of comparable size, the physiological role of some of them and their interrelationships, if any, are a matter of speculation.
The NE concentrations applied topically in vivo to elicit a significant response range from 2.5 X 10~6 M (Kuschinsky and Wahl, 1975) to approximately 10~5 to 10" 4 M (Wei et al., 1975) . Although the concentrations in the biophase of the smooth muscle cells in such experiments are not known, they may well be within the range to elicit the steady state component of response (see Results).
Two recent in vivo studies using a variety of techniques have demonstrated escape of cerebral blood flow from the immediate effects of sympathetic stimulation. Lacombe et al. (1977) , using thermoclearance measurements, found that the vasoconstriction observed in the caudate nucleus fell off 20-30 seconds after the start of sympathetic stimulation. Marcus et al. (1978) , using microsphere methodology, found transient changes in flow with time courses that varied in different regional beds. Flow in the caudate nucleus and white matter had reached control levels 90 seconds and in the cortical gray matter, 5 minutes after the start of sympathetic stimulation. Presumably in these studies, systemic blood pressure did not change, and there were no autoregulatory responses. Whether or not the observed transient responses to NE applied continuously is the in vitro counterpart of cerebral vasculature escape from continuous sympathetic stimulation can only be conjectured. It is of interest that the ability to autoregulate is considered by those investigating blood flow in vivo to be a useful criterion for a "normally" functioning vascular bed. This characteristic is lost when the experimental procedure is long and extensive (Rosendorff and Cranston, 1971; Rapela and Green, 1964; Lassen, 1974) .
The response of the basilar artery to NE in the dose range of 1CT 6 to lO"* M is mediated by a receptor with characteristics similar to, but not identical with, the classical postsynaptic a receptor found in many other vessels (Duckies and Bevan, 1976) . These smooth muscle cells are much less sensitive to d-than to /-NE and are unresponsive to imidazoline-related amines (Bevan, 1977) . Although quantitative comparison is impossible, the a-adrenoceptor involved in the transient response appears to have similar characteristics with that for the steady state response. This cerebral receptor contrasts with both the classical pre-and postsynaptic a-adrenergic receptor (Bevan, 1979) .
